The main principles of C. pulchellum (Sw.) Druce, secoiridoid glycosides, have been studied as potent bioactive compounds.
: Concentrations [mg g -1 DW] of three secoiridoid glycosides in methanol extracts of aerial parts (GP, SW and SM) and roots (GP in roots) of ten C. pulchellum populations. Values are presented as means of three measurements ± SE. Within each parameter, values marked with the same letter are not significantly different at the p≤0.05 according to the LSD test.
results imply that the differences in accumulation of secoiridoid glycosides among the natural populations have been expressed. Nevertheless, content and ratio of the secoiridoid glycosides were conceivably settled within a population. Similarly to some previous studies [2, 19] , GP was the only secoiridoid glycoside found in roots of C. pulchellum (Figure 1 ). Root GP content varied between populations, with 2 and 9 being the most productive ones.
Extracts of three populations with different ratios of GP, SW and SM in aerial parts were selected for antimicrobial assays: "Subotica" (2A) having a high amount of GP, "Slano jezero" (8A) characterized by the dominant abundance of SW, and "Asamati" (10A) that contained a very high amount of SM ( Figure 1 ). Root extracts of corresponding plants (2R, 8R and 10R, respectively) containing only GP were also used for antimicrobial assays.
Antimicrobial activities of pure GP, SW and SM were tested in order to investigate which compounds in C. pulchellum extracts could have biological activity. It could be presumed that these compounds might be responsible for the antimicrobial activity, considering the available literature on their biological activities [11] [12] [13] [14] . However, the synergistic or antagonistic effects of these compounds with others in the extracts have to be considered. C. pulchellum was reported to produce a number of xanthones and their derivatives [22, 23] , which may also display antibacterial properties [24] [25] [26] .
All the tested extracts possessed antibacterial activity with MICs (minimum inhibitory concentrations) and MBCs (minimum bactericidal concentrations) in the range of 0.05-0.2 mg mL -1 , depending on the bacterial species (Table 1) , showing similar effects as the commercial antibiotics Streptomycin and Ampicillin. These results indicate that methanol extracts of C. pulchellum were more powerful antibacterial agent than previously reported for chloroform, ethyl acetate and ethanol extracts of this species [3] . Despite the fact that selected populations significantly differ in their quantitative secoiridoid content, no major differences in antibacterial activities were observed.
Among the pure compounds tested, GP showed the best antibacterial activity with a MIC range of 0.01-0.02 mg mL -1 and a MBC range of 0.01-0.04 mg mL -1 (Table 1) , which is similar to the results published before for B. cereus, E. coli, P. aeruginosa and S. aureus [12] . The lowest activity was observed for SM with a MIC of 0.01-0.04 mg mL -1 and MBC of 0.02-0.04 mg mL -1 . Our results showed that SW and SM had very potent antibacterial activity against all bacterial species tested in this work, including P. aeruginosa and S. aureus, which were resistant to these compounds according to the previous study [14] . All these compounds showed 2.5 to even 30-fold higher antibacterial activity than Streptomycin and Ampicillin.
The results of the antifungal activity of the extracts and compounds tested are presented in Table 2 . All the extracts showed antifungal activities in the MIC range of 0.1-1.0 mg mL -1 and MFC (minimum fungicidal concentrations) range of 1.0-2.0 mg mL -1 . They possessed antifungal potential of the same level as the commercial fungicides Bifonazole and Ketoconazole against A. fumigatus, yet up to 10 times lower against A. versicolor, A. niger and P. funiculosum. In the assay against Trichoderma viride, plant extracts showed 10 times higher MICs and three times higher MFCs than Ketoconazole. As in the case of antibacterial activity, no obvious differences in antifungal activities among the extracts tested were observed.
Some previous studies claim that SW and SM had no antifungal properties against Cladosporum cucumerinum, Candida albicans and Aspergillus flavus [15, 16] . In our study, all the pure secoiridoid compounds showed very strong antifungal activity with MICs of 0.001-0.05 mg mL -1 and MFCs of 0.025-0.1 mg mL -1 ( Table 2 ). They showed from two up to 2500 times higher antifungal potential than Bifonazole and Ketoconazole against all tested fungal species. The strongest antifungal activity was observed for GP.
Summarizing the results stated, one can ask whether the multitudinous ethnopharmacological usage of Centaury species, especially for wound-healing [27] and antiinflammatory treatment [28] could depend on their strong antimicrobial action. Extending these investigations, supplementary biological studies have to be performed before inferring the correlations between antimicrobial activity of Centauries and their secoiridoid glycosides on one side and their traditional usage on the other.
C. pulchellum will certainly attract the attention of modern pharmacy and biotechnology. Its life cycle ends within 3 months, which could be a field-growing prerogative in relation to C. erythraea taking two years to be reputed as an official drug. Furthermore, the strong antimicrobial activity of this species could be the reason for its intensive usage in traditional medicine. Upper value in each cell = MIC (mg mL -1 ); lower value = MBC (mg mL -1 ); Extracts: 2, 8 and 10 stand for the populations and A and R are standing for "aerial part" or "root", respectively. Upper value in each cell = MIC (mg mL -1 ); lower value = MFC (mg mL -1 ); Extracts: 2, 8 and 10 stand for the populations and A and R are standing for "aerial part" or "root", respectively.
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Plant material: Seeds of C. pulchellum were collected from 10 localities in the Central Balkans region, including 7 populations from Serbia, 1 from Montenegro and 2 from FYR Macedonia. Localities and their geographical coordinates are presented in Table 3 . Voucher specimens are stored at the Department of Plant Physiology, Institute for Biological Research "Siniša Stanković", Belgrade, Serbia. 
In vitro plant culture conditions:
In order to avoid variations in secondary metabolism among populations that could be provoked by abiotic and biological factors, in vitro cultures were established. Seeds, obtained from 10 wild populations were surface sterilized with 20 % NaOCl, rinsed 5 times with sterilized distilled water and subsequently placed on Petri-dishes containing halfstrength MS medium [29] , supplemented with 20 g L -1 sucrose, 7 g L -1 agar and 100 mg L -1 inositol. Two weeks-old seedlings were transferred to 760 mL glass jars covered with transparent polycarbonate caps and cultured on the same culture medium under fluorescent light with a photon flux density 50 μmol m -2 s -1 (16 h light/8 h dark), at 24 ± 2°C and a relative humidity of 60-70%. Plants were grown for an additional 8 weeks until harvesting.
Sample preparation for HPLC analyses:
Harvested plants were separated into aerial parts and roots. Samples for HPLC analyses were prepared by mixing either the aerial parts or roots belonging to 5 plants of the same population. Sample preparation was performed in triplicate for each population. Plant material was airdried and stored in paper bags at room temperature until use. Each sample was powdered in liquid nitrogen and then extracted with methanol (0.2 g/10 mL) for 24 h. All samples were filtered through 0.45 μm nylon filters (Spartan-3NY, S & S Biopath, USA) and stored at 4°C.
HPLC-DAD system:
HPLC analyses were performed on a Hewlett-Packard HPLC system, model 1100 with DAD. The column used for secoiridoid analyses was Hypersil BDS-C18 (5 μ), 125 × 2 mm I.D. The mobile phase consisted of acetonitrile (HPLC grade, Acros Organics, Geel, Belgium) (component A) and 0.2% phosphoric acid (component B), applied in the following elution gradient: 100% to 98% B through 2 min.; 98% to 90% B during next 3 min.; 90% to 80% B during next 5 min. and 80% to 0%B in next 10 min. The flow rate was set to 0.5 mL min -1 and the detection wavelength to 260 nm. Additional peak confirmation was made by peak spectral evaluation via HP Chemstation chromatographic software (Palo Alto, CA, USA), which was also used for data acquisition and method/run control.
Standard solutions preparation and data acquisition:
Standard solutions were prepared by dissolving 10 mg of GP (>90% purity, Roth, Karlsruhe, Germany), SW and SM (both 98% purity, Oskar Tropitzsch, Marktredwitz, Germany) in 10 mL methanol. Further calibration levels were prepared by diluting the stock with methanol. Linear regression analyses of calibration curves of these compounds revealed an excellent linearity with a correlation coefficient r=0.999, p<0.001 in each case. Total amount of compounds GP, SW and SM in each sample was evaluated by the calculation of peak areas obtained from chromatograms using HP Chemstation chromatographic software.
Plant extracts preparation for antimicrobial assays:
To investigate the antimicrobial effects of C. pulchellum methanol extracts, 6 samples (3 of aerial parts and 3 of roots) differing in quantitative content and ratios of secoiridoid glycosides were selected. Methanol extracts were kept at 40°C overnight to remove methanol, whereupon crude extract dilutions in concentrations of 10 mg mL -1 DMSO were made. Dilutions of pure secoiridoid glycosides, GP, SW and SM were also made in concentrations of 10 mg mL -1 DMSO. [30] .
Inocula preparation:
In order to evaluate the antimicrobial activity of the extracts and reference compounds tested, the modified microdilution technique was used [31, 32] . Bacterial species were cultured overnight at 37°C in Luria broth (LB). The fungal spores were washed from the surface of agar plates with sterile 0.85% saline containing 0.1 % Tween 80 (v/v). The fungal and bacterial cell suspensions were adjusted with sterile saline to a concentration of approximately 1.0×10 5 in a final volume of 100 μL per well. The inocula were stored at +4°C for further use. Dilutions of the inocula were cultured on solid MH for bacteria and solid MA medium for fungi to verify the absence of contamination and to check the validity of the inoculum.
MIC, MBC and MFC determination:
Determination of MICs was performed by a serial dilution technique using 96-well microtitre plates. The extracts and compounds investigated were dissolved in DMSO (10 mg mL -1 ) and added to LB medium for bacteria or broth Malt medium for fungi with inocula. The microtitre plates were incubated for 48 h at 37°C for bacteria and 5 days at 25°C for fungi. The lowest concentrations without visible growth (under the binocular microscope) were defined as MICs. MBCs and MFCs were determined after serial sub-cultivation of a 2 μL sample into microtitre plates containing 100 μL of broth per well and further incubation for 48 h at 37°C for bacteria or 5 days at 25°C for fungi. The lowest concentration with no visible growth was defined as either the MBC or MFC, respectively, indicating 99.5% killing of the original inoculum. Streptomycin and Ampicillin (0.05-3 mg mL -1 ) were used as reference antibacterial agents and Bifonanazole and Ketoconazole (0.1-3 mg mL -1 ) as positive control for antifungal activity.
Statistical analyses: Statistical analyses were performed using STATGRAPHICS Centurion XV software, version 15.1.02 (StatPoint, Inc. 1982 . The data were subjected to analysis of variance (ANOVA), and comparisons between the mean values of each of the 3 compounds investigated were made by the least significant difference (LSD) test calculated at the 95 % confidence level.
